The development of the sympathetic nervous system involves cell-cell interactions that regulate the fate and migration of progenitor neural cells. Recent evidence shows that focal membrane-bound protease activity is critical for such interactions. The Drosophila kuzbanian (kuz) gene is required in neurogenesis and encodes a highly conserved, membrane-bound metalloproteasedisintegrin closley related to the TNF-α converting enzyme (TACE). We have characterized the human and mouse kuz homologs and mapped human kuz to chromosome 15q22. During mouse embryonic development Kuz is expressed mainly in the sympathoadrenal and olfactory neural precursors. Once sympathoadrenal cells differentiate into chromaffin cells in the adult adrenal medulla, they no longer express Kuz. However, we found that tumors of sympathoadrenal origin, such as pheochromocytomas and neuroblastomas, overexpress Kuz. Further, transfection of a kuz construct lacking the protease domain, but not the full-length construct, induces neurite formation in PC12 chromaffin tumor cells. Taken together our results suggest a critical role for Kuz in regulation of sympathoadrenal cell fate.
INTRODUCTION
Metalloprotease-disintgerins constitute a growing family of proteins implicated in many important biological processes involving cell-cell and cell-matrix interactions (1) . Since the initial isolation of soluble hemorrhagic metalloproteasedisintegrins from snake venom (2,3), both soluble and related membrane-bound proteins have been identified in numerous organisms and are now referred to as the ADAM family (4, 5) . Moreover, the functions of these metalloprotease-disintegrins are no longer confined to the hemorrhagic or fibrinolytic activity seen in snake venom. Fertilin plays a role in sperm maturation and sperm-egg fusion (6, 7) , while meltrin-α is involved in myoblast fusion (8) . ADAMs may also exert their function by focal cell surface-mediated protease activity. Direct evidence confirming such activity has been demonstrated for TNF-α converting enzyme (TACE), a newly described ADAM (9, 10) .
The Drosophila kuzbanian (kuz) gene encodes a highly conserved, membrane-bound metalloprotease-disintegrin (11) . Genetic studies in Drosophila revealed that Kuz plays multiple roles during neural development. First, inactivation of kuz results in embryonic lethality caused by massive neural hyperplasia and mosaic flies containing patches of kuz mutant cells develop extra sensory bristles (11) . Second, mosaic analysis in the fly adult peripheral nervous system shows that Kuz is also involved in positive signaling between neighboring cells to promote development of mechanosensory neural precursors (11) . Finally, Kuz has also been implicated in axon pathfinding during Drosophila embryonic development (12) . In mammals, a bovine homolog of Kuz known as MADM was discovered in an assay designed to isolate proteins able to degrade myelin basic protein, but its function in vivo has not been investigated (13) . MADM and its human homolog ADAM 10 have previously been investigated as TNF-α convertases (14, 15) . The function of mammalian Kuz in development and in particular in neurogenesis is not yet known.
In this report we describe the cloning of two human kuz cDNAs and examine the expression pattern of human and mouse Kuz. The two cDNAs correspond to a full-length form of Kuz (called KuzL) and a short form (called KuzS), which lacks the cysteine-rich, transmembrane and cytoplasmic domains, possibly encoding a soluble form of the same gene product. Our results show that Kuz is involved in the development of sensory neurons of the olfactory epithelium and the sympathoadrenal lineage. In the olfactory system our findings suggest that Kuz plays a role in neuronal differentiation and in axon pathfinding. In the sympathetic nervous system, Kuz is expressed in the developing neuroblasts and tumors of the adrenal medulla, such as neuroblastomas, but not in normal adult adrenals. Our investigation of Kuz expression during development and in neoplasia, together with our cell transfection studies using a kuz construct lacking the region encoding the protease function, previously shown to act in a dominant negative fashion in vivo (16) , suggest a critical role for Kuz in regulation of sympathoadrenal cell fate.
RESULTS
To investigate the function(s) of mammalian Kuz, we cloned the human and mouse homologs of kuz using PCR with primers Potential myristilation sites are underlined. The prodomain of human Kuz is separated from the metalloprotease domain by a furine-type serine protease cleavage site shown in parentheses. The sequence surrounding Cys173, PQGGCAD, is similar in motif and location to the so-called 'cysteine switch' present in matrix metalloproteases (26) . The presumed cysteine switch and the furine-type cleavage site in the prodomain suggest that Kuz is synthesized as an inactive pro-enzyme and is proteolytically activated. Potential amidation sites are underlined and marked +. The consensus sequence defining the metalloprotease catalytic site is marked by a black box. In the disintegrin domain, a putative integrin binding site (RDD) is boxed and potential SH3 binding proline-rich sequences in the cytoplasmic domain are underlined and marked with asterisks. KuzS diverges from KuzL after G565 and has three different amino acid residues (VSI) followed by a stop codon (shown below the KuzL sequence). designed based on conserved regions in the fly and bovine sequences followed by library screening. Analysis of positive clones isolated from a human fetal brain library revealed two related groups of cDNAs. The first group of cDNAs encode a 748 amino acid modular protein KuzL, containing all domains present in fly and bovine Kuz (Fig. 1) . The second group of cDNAs encode a shorter protein KuzS (568 amino acids). KuzS lacks the cysteine-rich, transmembrane and cytoplasmic domains of KuzL. After the disintegrin domain, the kuzS cDNA differs from kuzL and encodes three amino acids followed by a stop codon. A kuz cosmid clone containing the coding sequence present in both cDNAs was isolated by screening a human genomic library and used for chromosome mapping. Fluorescence in situ hybridization (FISH) using this cosmid clone showed a single location at 0.61-0.66 FLpter on chromosome 15 or 15q22 by cytogenetic banding. We next analyzed the tissue distribution of the two transcripts. Northern blots from fetal and adult human tissues were hybridized with three different probes: probe A is common to both kuzL and kuzS; probes B and C are unique to kuzL and kuzS respectively (Fig. 1A) . Probe B specifically hybridized to a 4.9 kb transcript (kuzL) and probe C only hybridized to a 4.4 kb transcript (kuzS), while the common probe A hybridized to both transcripts ( Fig. 2A and B) . Both transcripts are expressed in developing human fetal tissues with a variable pattern ( Fig. 2A) . For example, fetal brain expresses much more kuzS than kuzL, while fetal lung expresses predominantly kuzL. On the other hand, adult tissues express mainly kuzS, with the exception of thymus and brain tissues, which express both transcripts ( Fig. 2A  and B ). In addition, kuzS expression is notably elevated in adult human gonads (Fig. 2A) . Screening a mouse fetal brain cDNA library and PCR amplification of two additional mouse cDNA libraries yielded only one type of cDNA encoding a product similar to human kuzL (16) A mouse northern blot from multiple adult tissues showed a single 5.7 kb transcript (Fig. 2C) , as did a mouse northern blot from embryonic tissues (not shown). Therefore, the presence of the kuzS transcript appears to be unique to humans.
We examined Kuz expression in mouse embryos using immunohistochemistry with an anti-human Kuz Mab and RNA in situ with a mouse cRNA probe. Both analyses revealed concordant expression patterns in the developing mouse nervous system. As shown in Figure 3C -F, Kuz is expressed in the developing olfactory neuroepithelium. The olfactory receptor neurons are contained in a pseudostratified columnar epithelium surrounded by sustentacular cells (support cells). These neurons are readily distinguished by their apical cilia and the location of their cell bodies in the lower two thirds of the epithelium above the neuroprecursor basal cells. As shown in Figure 3E and F, Kuz immunoreactivity is clearly demonstrated in both olfactory receptor neurons and basal cells but not in the sustentacular cells. Axons of the olfactory receptor neurons penetrate the basal lamina of the epithelium, join and form the olfactory nerve. Figure 3G shows Kuz expression in the olfactory nerve and in fibers of the optic nerve. In addition to the olfactory and optic nerves, Kuz expression is observed in the sensory trigeminal innervation of the head. This is most notable in the terminal fibers of the trigeminal nerve converging on vibrissae (Fig. 3H) . The trigeminal ganglion where the cell bodies of these neurons are located expresses Kuz, but to a lesser degree (Fig. 3I) . Kuz is also expressed in the neuroepithelial and the intermediate zone of the neopallial cortex, where differentiating and migrating neurons are located (Fig. 3J) . Kuz is also expressed in the cervical superior sympathetic ganglia (Fig. 3K) , in the stellate chain (not shown) and the dorsal root ganglia of the autonomic nervous system (Fig.  3A and L) .
Kuz expression in the developing olfactory and sympathetic nervous systems resembles that of Mash1, a mouse homolog of the Drosophila proneural Achaete-Scute proteins (17, 18) . Activation of Mash1 has been implicated in tumors of the adrenal medulla (19) . Thus, we studied the expression of Kuz in tumors of sympathoadrenal origin. We found high Kuz immunoreactivity in four out of five human adrenal pheochromocytomas (chromaffin cell tumors) but not in normal adjacent adrenal medulla ( Fig.  4A and B) . A high level of Kuz expression was also observed in a significant number of neuroblastomas (eight of 12 tumors; Fig.  4C ). In contrast, normal adult adrenal medulla of mouse or human show no Kuz expression by immunohistochemistry (Fig. 3M and the section containing normal human and tumor tissue shown in 4A and B) or by northern analysis (human multiple endocrine blot, not shown). To study whether Kuz is involved in the determination of sympathoadrenal cell fate, we transfected PC12 cells (derived from a rat pheochromocytoma) with the kuzDN construct, which lacks the region encoding the protease domain (and part of the prodomain; Fig. 1B; 16 ). Both transient transfections and stably transfected cell lines showed that KuzDN was able to induce neurite formation in PC12 cells (Fig. 5) , while full-length Kuz did not. These cells were characterized by extensive neurite formation in the absence of NGF as well as other phenotypic markers of neuronal differentiation, such as flattened cell bodies, prolonged, curved neurites with growth cones and spiny processes (Fig. 5C and D) . These results support the notion that Kuz maintains cells in a precursor state and inactivation or down-regulation of Kuz function results in neuronal differentiation.
DISCUSSION
Our in situ and immunohistochemical studies show that as in Drosophila, mammalian Kuz could be involved in the differentiation of sensory neurons. In the olfactory system Kuz is expressed in the neuroepithelial precursor basal cells and olfactory receptor neurons but not in the support cells, which also derive from basal cells. In addition, Kuz expression is markedly elevated in nerve fibers converging on their targets, such as the terminal trigeminal nerve fibers and the olfactory neurons. Detection of Kuz expression in nerve fibers provides direct evidence in support of Kuz function in axon pathfinding, as indicated by phenotypic analysis of Drosophila kuz mutants (12) . In the peripheral nervous system, sympathoadrenal precursor cells move ventrally from the neural tube and differentiate into sympathetic neurons or migrate further to the adrenal medulla, where they undergo chromaffin differentiation (17, 20) . Neoplastic transformation in the sympathoadrenal lineage therefore results in neuroblastoma or pheochromocytoma (chromaffin cell tumor). We have found that Kuz is expressed in the sympathetic ganglia, in the fetal adrenal and in adrenal medullary tumors, such as neuroblastoma and pheochromocytoma, but not in the normal adult adrenal medulla. That Kuz is expressed in progenitor and neoplastic cells of the sympathoadrenal lineage but not in normal adrenal medulla is intriguing. It suggests that Kuz expression is a characteristic common to neoplastic neuroblast and chromaffin cells as well as their normal progenitor cells. Thus, Kuz expression may imply that neoplastic cells of the adrenal medulla undergo 'dedifferentiation' to a common progenitor state and Kuz activity may be essential to maintain such a state. Finally, given the unpredictable behavior of neuroblastomas in vivo, which have the remarkable ability to undergo either chromaffin differentiation or become more undifferentiated and aggressive, Kuz immunoreactivity in these tumors may be of prognostic value. PC12 cells transfected with the kuzDN construct but not the full-length kuzL construct, undergo neurite formation and show morphological signs of differentiation. It was previously suggested that transfection of kuzDN affects Notch processing in Drosophila cells (16) . However, examining western blots from cells transfected with kuzDN, we did not detect any obvious difference in the processing products of the mammalian Notch homologs Notch1 and Notch2 in PC12 or Cos cells (data not shown). Nevertheless, our transfection experiments with kuzDN support the notion that Kuz maintains cells in a precursor state and inactivation or downregulation of Kuz function results in neuronal differentiation.
It has been suggested that mammalian Kuz may play a role in the pathogenesis of demyelinating disorders such as multiple sclerosis, but so far supporting evidence is lacking (21, 22) and no such disorders have been linked to the kuz locus on 15q22. Our findings of Kuz expression during mouse development and in human neoplasia and our cell transfection studies, together with previous observations in Drosophila, indicate that Kuz plays a critical role in neuronal cell fate determination in mammals (11, 16) and shed light on the type of disorder that may result from Kuz dysfunction.
MATERIALS AND METHODS

cDNA cloning
The primers ATGATGACTACTGTTTGGCCTA (corresponding to the amino acid sequence HDDYCLAY) and TGCATGG-GGATCCAGGTTGCAG (amino acids LQPGSPC) were used to PCR amplify a 0.9 kb fragment from a human fetal brain cDNA library (Stratagene). This fragment was used to screen ∼1 000 000 plaques to obtain 42 positives. The positives were grouped by PCR and restriction analysis, followed by sequencing. The same PCR fragment was used to screen the 500 000 entries of a mouse fetal brain cDNA library (Stratagene). Four positives were analyzed and a 4 kb mouse cDNA (mKuz1) was used as probe for northern analysis and for in situ hybridization.
Riboprobe in situ hybridization
35 S-labeled mKuz1 riboprobe was synthesized in both sense and antisense orientations using an RNA labeling kit (Amersham). Ten micrometer thick sections of day 13.5 and 15.5 mouse embryos mounted on slides were dehydrated and incubated in 1 ml hybridization buffer containing 3 × 10 6 c.p.m./ml riboprobe activity as described previously (23) . (Fig. 1 , the XbaI-MscI fragment, L62-G456), resulting in an in-frame fusion of the rest of the coding sequence. The constructs were tested for expression by western analysis using anti-Myc antibody (Calbiochem). Approximately 2 × 10 5 PC12 cells were plated in RPMI with glutamine, 10% heat-inactivated horse serum, 5% FBS and penicillin/streptomycin on rat collagen I-coated plates (Beckton). Forty eight hours later cells were transfected with the kuz constructs and a control pcDNA3.1-lacZ (Invitrogen) using Lipofectamine according to the manufacturer's instructions (Gibco BRL). Each experiment was repeated at least three times. The transfection efficiency in our experiments was ∼30%, as judged by X-gal staining of the control cells. To establish stably transfected cell lines an identical protocol was followed except for the addition of G418 to culture medium at a final concentration of 400 µg/ml. The medium was changed three times a week. After 2-3 weeks individual colonies of neomycin-resistant PC12 cells were passaged by gentle suction.
Immunohistochemistry
A rat anti-human Kuz monoclonal antibody (KZ14) was generated against a GST fusion construct containing G390-G629, which recognizes both human and mouse Kuz proteins. Five micrometer tissue sections were prepared, deparaffinized and rehydrated, followed by quenching of endogenous peroxidase activity with 2% H 2 O 2 in methanol. Slides were washed in distilled water, immersed in citrate buffer (0.01 mol/l, pH 6.0) and boiled for 5 min in a standard pressure cooker and were then incubated in 10% normal horse serum with or without KZ14 overnight at 4_C. After three washes in PBS (pH 7.4), slides were incubated with a biotin-conjugated anti-rat IgG (Vector Laboratories) for 30 min at room temperature, then washed in PBS. After incubation with streptavidin-biotin-conjugated peroxidase (Boehringer Mannheim) for 30 min at room temperature, slides were washed in PBS and immunoreactivity was visualized with 3,3′-diaminobenzidine. To exclude false positive staining due to residual endogenous biotin, the alkaline phosphatase/anti-alkaline phosphatase method was used with an alkaline phosphataseconjugated anti-rat IgG under otherwise identical conditions.
Fluorescence in situ hybridization
A kuz cosmid clone was labeled with digoxigenin-11-dUTP by nick translation and co-hybridized with biotinylated GM-009 Alu oligonucleotide on metaphase chromosome spreads. Hybridization conditions, post-hybridization washes and probe detection with DAPI counterstaining were as previously described (24) . The cytogenetic band location was determined by analysis of the GM-009 banding pattern (R-like banding) on 10 individual chromosomes and was confirmed by inference from the FLpter measurement (25) .
